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SUMMARY

Tests were conducted to determine the performance of auto-
matio, internal-coolant valves actuated by cylinder temperatures.
Two themosta.‘hically operated intermal-coolant valves were test-
ed on a oylinder from a radial air-cooled englne with a 3350-
cublo-1inoh dlsplacement and on a oylinder from a radilal air-
cooled engine with a 2800-cubic-inch displacement in single-
cylinder tests to determine the performance with respeot to
temperature sensitivity, rapidity of response, and hunting char-
acteristics, Data were also obtalmed to indicate the relative
effects on cylinder performance o'bta.ined by internally aupplying
water and additlonal fuel. -

- The results :Lmlica.ted. -that the two thermostatically operat-

" ed valves provided accurate control of ‘temperatures at the oon-

trol points when either water .or fuel was used as an Internal

“qoolant, Valve response wes sufficient to offsebt normal rates

of temperature rise hut was insufficient 4o prevent the extremely
rapid rates of temperature .rise. accompanying severe preignition.
Thé hunting exhibited by the two thermostatilcally operated
coolant valves was.not exceasive provided that the a.vaila.ble
flow capacity was held within the limits required at any one
intake pressure. Water was lneffective in cooling the exhaust-
valve guides and the. exhaust-valve seats. The tempereture of
the rear spark-plug bushing provided a reliable index of
cylinder temperatures when cooling was altered by varying the
fuel-mixture strength .but provided an unreliable index ‘of
oylinder temperatures when cooling wvas varied with ‘water as an
1nterna.1 coolant, .
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In a previous analysis of -the temperature and the fuel-alr
distribution of four redial aircraft engines (reference 1), sub-
stantial reduotions in fuel oconsumption were obtained by adding
water or fuel to only the overheated cylinders In alr-cooled
aircraft-engine. installations in which.overheating is. customarily
prevented by enrich:l.ng the fuel-air mirbure to the ent:Lre engine.

As a part of 'bhe general program requasted by the Alr
Technical Service. Command, Army Air Forces,. to improve the cool-
ing of the R-3350 engine , an investigation of the means of improv-
ing the cylinder-to=cylinder temperature digtribution of thils
engine was conducted at the NACA GCleveland laboratory during the
early part of 1945, Single-cylinder tests were conducted on
oylinders from two radial air-cooled engines to determine the
performance of two thermostatically operated coolant valves
deaigned to supply coolant as required by the individual engine
oylinders. .The. results of these tests are -presen'hed hereln,

The tests were specifically ma.d.e to: determine tha *perfoma.nce
of two simple , direct-acting, thermogtatically operated coolant
valves with respect to temperature sensitivity, rapidity of re-
sponse, and hunting characteristiocs.- .A secondatry obJject of these
tests wis to demonstrate .the. effects on gylinder perfomance of
_:Lntermlly supp];ying water a.nd a.dditiona.l fuel, -

Unpublished data taken on a single cylinder of a l2-cylinder
liguid-cooled engine indicate (fig. 1). the :relative effective-
‘ness of gasoline, water, and a 50-percent water-ethanol mixture
in cooling the exhaust valve when the coolant is added at basioc
fuel-air ratios of 0,060 and 0,085, - From figure 1 it 1s evident
that ‘water is the most econamical of the three ‘coolants an the
lean side of the mixture~temperature pegk when only & small ‘-
smount’ of cooling is required. .Gasoline is the most'econtmical,
however ’ wheh large amounts of cooling are  necessary and the
water-ethanol mixture 15 the least ecvenomical on the lean ‘side- bf
the peak regardless of the emount of cooling required.” For codl.
ing the' exhaupi valve at the rich.mixtures, gasoline 1s the most
economical with little choice between. wa.ter a.nd the wa:ter-etha.nol
mixture. . . .

The chief advantage of water or water-etha.ncl as a ooola.nt
at rich mixtures 1s the possibility of using greater-quantities
then is feasible with gasoline, In this matter, the temperature-
limited and the knock-limited power range can be extended.
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The unsa.t!.afactory J.ea.na-mixtm-e uhamwgristiaa o'r ‘tha wa.ter-- -
ethanol mixture :as:shown-in figure 1.-'precluded it, a.g a ooola.nt
In ‘the” teste~of the two cml:!:nllers. s e e

R I

APPARATUB AN:D m'r CONDITIONS
leant va.lves. 'I'he two thermoata.tioally opera.ted. ooola.nt
velves tested (valves A and B) are shown in figure 2. Both valves
are of the liquid-expansion type with liquid-expansion chambers
located at some temperature-respongive point on the. cylinder. .The
liquid-expension chambers of both valves were. filled with dibutyl
phthelate, which is a colorless, odorless, olly, organic campound
having a s‘pecific gravity of 1.048, a boiling point of 643° F, and
a pour point of approximately -69° F. . The coefficient of oubical
expansion is 0.00042-per °F.

- The expansion echamber of valve A was Incorporated 1n the
spark-plug gasket, Thle valve was tested on rear-row cyllnder I
(from a radial air-cooled engine with a 3350-cubic-inch displace-
ment) with the expansion chamber located at the rear spark plug
and the inJection nozzle mounted on the intake pipe (about 16 in.
from the cylinder port) for inJjection of coolant,

The expanslon -chamber of valve B was designed to screw into
@ hole in the cylinder head. In the tests desoribed herein, this
chamber was mounted 1n the front spark-plug hole of front-row
cylinder II (from a redial air-cooled engine with a 2800-cublc-
inch displacement), The front spark plug was installed in an
adjJacent hole. The internmal-coolant nozgzle was sorewed into the
primer hole.

With both valves the intermal coolant (m.ter or fuel) was
injected through an orifice; no attempt was mede to secure atomiza-
tion,

Engines, - The tests of valves A and B were conduoted on
separate crankcases coupled to electric dynamometers, InJjec-
tion pumps were used to supply the basic fuel., (Hereinafter the
fuel used for normal operation will be designated basic fuel as
distinguished from the additional: fuel supplied from the thermo-
statlcally operated valve.) The basic fuel was inJected into the
1nd.uction system ahead, o:t’ a vaporiza.t:lon tank, .

Cooling a.:Lr was supplied. by a centra.l alr aystem through a
duot 16 inches in dlameter lepding to a cowling box surroumding the
cylinder. BStandard engine baffles were used on the cylinders.
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trumentation. - Temperatures on oylinder.I were measured
by 15, t%e'mo_ooﬁIes located as shown in flgure 3. :Thermocouples
on oylinder II were located in a pimilar manner except that nons
were installed around the exhaust-velve seat and an extra thermo-
couple was installed in the center of the head between the valves,

1/8 inch from the combustion chamber,

. All water- and. fuel-flow mea.surements were made w:tth oa.li-
brated rotametera.

. In both engine setups -the difforenoe 'betwoen the statlc pres~
gure in the ocowling box before and after: the cylinder 'wes- used-as
: the ,caoling-air pressure drop- Ap. Pressure-drop-measurements
were corrected to standard alr density for the alr in front of the
c¢ylinder by multiplying Ap the measured cooling-alr pressure -
drop by o the ratlo of the dinsity.of the alr ahead of the cyl-
inder to the standard ailr density of 0.0765 pound per cublo foot,

Tes‘b oonﬁi‘bions. - The following engine conditions were main-
Jtained oonstant unless otherwise speciﬂsd-

Cylin'lar I Cylirder II
Internal-coolant valve A B
Looation of temperature control Rear spark-. Front spark-
. e . plug gasket plug hole
Indicated horsepower . ! 70 . 80 -
Engine speed, rpm ' 2000 g 2000 -
Fuel-alr ratlo . 0.065 0,083
Inlet-alr pressure, inches of - . : S L
mercury absolute 30 38
Inlet~air temperature, °F 150 150
Spark advance, degrees B,T.C. _ 20/20 - 20/20
. Compression ratio . . : 6.8 - - . 7.7 .
Cooling-alr tompera.ture, opF 80 65-85.
0il-in temperature, °F 185 185

Fuel . . . AN-F-28 - . 'AN-F-28

RESULTS AND DISCUSSION
. - Low-Power: Crulse Teéts .
As indicated in the table of conditions, the tests on
cylinder I were made with a basic fuel-air ratio of 0,065 (unless

otherwise specified). This operation.was intended to represent a
low fuel-consumption cruise.condition., Thermostatically.operated
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valve A was used in these.tests with the temperature-control point

. at the rear spark-plug gasket.” ‘The flow charactéristics of valve

A with respect to the temperature' of ‘the rear spark-plug bushing
are shown. in -figure 4, Thesd data were ‘obteined on cylinder I
with the valve supplylng water or additional fuel as intermal
coolant, The reciprocal .slopes of the curves of figure 4 are-
called valve sensitlvities ln this report and are erpressed in
pounds per:hour -per. de_gree Fa.hrenhe;lt .

. Bffeéct of varying basio fuel-alr ratio, -~ The data of figure
5 demonstrated the: performance of oylinder I and valve A when the
besic fusel-air ratlo was varied. The valve, which was set to open
when the temperature of the rear spark-plug bushlng reached approxi-
mately 402° ¥, patlsfactorily controlled the bushing temperature
with elther water or fuel. At basic mixtures leener than that for

. peak temperature, the power and the temperatures remsined practl-

cally constant when fuel was supplled because the over-all fuel-
air ratio was held approximately constant by the valve even though
the basic fuel-alr ratio was progressively reduced., As descrilbed
in reference 1, a closing device, which would have closed the
valve when the baslc fuel-air ratio became so lean that no in-
ternal cooling was requlred, would have been advantageous.

- The cylinder temperatures shown in figure 5 1llustrate the
relative ineffectiveness of water as a coolant when compared with
fuel, With the controlled temperature at the rear spark-plug
bushing, the water was of practically no value in cooling the
exhaust-valve guide and wes of: limited valne in copling the exbaust-
valve seat and front spark-plug bushing. Furthermore, these data
1llustrate how poorly the rear spark-plug bushing serves as a
ocriterlon of cylinder cooling when. using water as an internal
coolant., The temperature reductions obtalned at the rear spark
plug with- fuel cooling were reflected in all cylinder temperatures.

Effeot of varying cooling-alr pressure. - Satisfactory control
of the temperature of the rear spark-plug bushing wes effected with
valve A (fig. 6) when the cooling-air flow was varied. These data,
obtalned with a baslc fuel-alr ratio of 0,065, show that the rear
spark-plug electrode was somewhat overcooled when water or fuel was
used. Water was relatively ineffective in cooling the exhaust-
valve gulde and the exhaust-valve seat, Because the basic fuel-air
ratio was on the lean side of the temperature peak, better liquid
economy was obtained with water than with fuel.,

Efféct of varylng inlet-airggrpsaureu - The cylinder performance
obta{EEE'FEEEfEES'IEIailalr préssure was varied is shown in figure 7.
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.The .controlled- temperature was satisfactorily maintained by valve A,
These datg.substantiate the general, oonclusions-already presented
regarding the relative ineffectiveness .of -water as a coolant for the
exhaust-valve guide. The- poor-cornelation -of rear-spark-plug-
bushing temperetures and.intermal cylinder tempera.tures when water
is used a8 a ooolant is agsin apparent. .

Valve response amd hu.nting characteristics. - The response of
the cylinder and valve to a sudden change in the basic fuel-alr mix-
ture from 0.109 to 0,062 is .shown in figure 8, which also presents
information concerning the hunting characteristicé of ‘the valve at
these conditions. In preliminary teets, the hunting characteristics
were found to be unsatisfactory when the avallable coolant-flow
capaclty was much in excess of the requlred at any one intake pres-
sure. When the coolant-pressure differential was manually limited
to 2 pounds per square inch above the engine Inlet-pipe pressure ’
excesalve hunting was a.voided. . . .

High-rouer Cruise Tests o

High-power cruise testa were conducted with thermostatically
operated valve B on cylinder II using the front spark-plug bushing
as the oontrolled temperature. If not otherwlse speclfied, the
basic fuel-elr ratio was 0.083. -This ratlo represents a high-
power. crulse, or climb, condition.

Effeot of va.rLing ba.sic fuel-air ratio. = Tha results of the
tests on cylinder II with varying basic fusl-alr ratio (fig. 9)
are somewhat -simllar -to the results obtalned with the 3350 .
cylinder (fig, 5). Valve B patisfactorily controlled the tempera-
ture of the front spark-plug bushing when both water and fuel were
used. At. basic mixtures leaner than that for peak- temperature,
the curve obtalned with fuel as the coolant was simllar to that
. of flgure 5 because the.basic fuel-alr rgtio was progressively
reduced. Water was relatively Ineffective 1n cooling the rear
spark-plug electroge, the rear spark-plug bushing,. and the exhaust-
valve guide. The cooling of the rear spark-plug bushing.as effected
by the addition of. fuel mﬂ again reliably reflected in all cylinder

" temperatures. -

Effect of varylng inlet-alr pressure. -:The results obtained
by varylng the inlet-alr pressure at the- high-pewer crulse condi-
tion as shown in figure 10 are similar to those obtained at the lean-
cruising oondition.(fig..7), except that the specific 1liguid con-
sumption with fuel was Blipghtly less than with water -at the richer
mixture of the high-power orulse condition, The reverse was true




NACA MR No. ESG16 7

at the low-power mixture, whlch was leaner than the peak-temperature
mixture, These data and those of figure 1 establish the conolusion
that, in general, water .ls a more economical coolant than fusl at
mixtures leaner than-the peak-temperature mixturé and fuel is more
econamical. at mixtures richer than' the pda.k-tempemture mixture.

The difference in economy depends on the putioula.r cylinder tem-
perature used .as .a reference,

Valve hunting characteristics and response to pre tion,
The response and hunting characteristics of valve B (fig. 11) were
similar to those of valve A (fig. 8).

Supplementary tests with cylinder II were conducted under
prelgniting condltlions to determine whether the valve response
was sufficiently rapid to prevent damage from preignition. In these
tests prelgnition was induced with a Champlon 8CFR spark plug 1n the
rear spark-plug bushing. The 8CFR spark plug was found to cause
preignition when the cylinder operated with an inlet pressure of
. 36 inches of meorcury absolute, a fuel-alr ratio of 0,070, and a
‘cooling-alr pressure drop of 5.3 inches of water. Under these con-
ditions preignition was encountered for 20 or 30 seconds before
becoming sufficlently far advanced to cause a drop in torque., Little
rise in cyllinder temperature was observed until after the torqus
began to deorease. As a consequence, the valve responded too late to
avold severe and possible damaging preignition. Under closely regu-
lated conditlions, the valve could be set to provide coolant Just
after preignition began; 1n these cases preignition was stopped.

SUMMARY OF RESULTS

Fram the tests conducted with two thermostatically operated
internal-coolant valves on a oylinder from a radlal air-cooled
engine with a 3350-cublc-inch displacement (cylinder I) and on a
cylinder from a radlal alr-cooled engine with a 2800~cubic-inch
displacement (oylinder IT), the following results were obtailned:

1., Both thermostatically operated coolant valves provided
acourate control of temperatures at the control points when elthexr
water or fuel was used as an intermal coolant,

2. The valve response was sufficlent to offset normal rates
of temperature rise but was insufficlent to prevent the extremoely
rapld rates of temperature rise accampanying severe preignition.

3. The hunting exhibited by the two thermostatically operated
coolant valves was not exoessive provided that the avallable flow
capaclty was held within the limite required at any one intake
pressure,
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) 4. Water was Iineffective in cooling the ezha.uat-valve gu:ldes
ayid the ex.ha.ust-va.lve sea:bs. _ : Ry

5. The temperature of the rear- spark-plug buehing provided a.
reliable index of cylinder temperatures when cooling was altered by
varying the fuel-mixture strength but provided arf unreliable index
of oylinder temperatures when oooling vas va.ried. with watér as an
internal coolant,

.
-

Aircraft ‘Engine Researoh I.abora.tory
National Advisory Coamittee for Aeronautics,
Cleveland, Ohlo, July 16, 1945.
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Figure 6. - Continued. Effect of cooling-air pressure drop on performance of cylinder I

equipped with thermostatically operated valve A for supplying internal coolant to
maintain constant rear-spark-plug-bushing temperature. Engine speed, 2000 rpm; basic
fuel-air ratio, 0.065; inlet-air pressure, 30 inches mercury absolute; inlet-air tem-
perature, [53° F.




NACA MR No. ES5GI6

7 NATTONAC—RDVISORY
COMMI TTEE FOR AERONAUTICS
720F \ f
A TEDN ;
-
v 3 \ 3 ) ]
& 6sof \
b o ]
] o
[
i f ]
g 6 E [~ <] ]
g E \\\ ¥\\\\‘
] E 3
% : I~ | 3
- T— p
o P— 3
': - \\'\\ ]
g 3 R g g 3
( - J 3
5 s6of AT
2 : 4 1
E N 3
E L
520F — ]
E b 4 —+—1 3
4aof
° E Internal coolsnt E
4 ésof ]
& 3 | O None ]
by - O Water S
gl - <O Fuel 3
S8 6hof .
:’: ot \\ p
on F \\ 3
22 6oo Ny ‘
>~ DOOL ‘\ .
|;g - X\\ ]
[} ' 4
10 - s paa— 3
20 o ™ p
2 £ s60f - . - E
@ o P -
gg £ Tt ——fo—_feo. E
§ = \EX\\ h§§~\\\\g\\ 3
§ o T TN —— ;
m - .
Lgof :
: E
320 3
'ggZSOE Py f
] c 3
LE - > - 1
[ : I~ e 3
H o S — b
3 &auof e —] ~
38 = E
-t = 3 - p
= 9 SRR ]
200"'.... aasadaaaadasaadasaadaaaataaaadaaasbaas ko lasaadasaglaaaa ol casad o tonanlaosaylsoaalsqsy LA AL
] 1 2 3 b 5 € 7 8 9 10 1
Cooling-air pressure drocp, in. water
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Figure 9. - Effect of basic fuel-air ratio on performance of cylinder II equipped with

thermostatically operated valve B for supplying internal coolant to maintain constant
front-spark-plug-bushing temperature. Engine speed, 2000 rpm; inlet-air pressure,
38 inches mercury absolute; inlet-air temperature, 150° F.
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Figure 9. - Continued. Effect of basic fuel-air ratio on performance of cylinder II

equipped with thermostatically operated valve B for supplying internal coolant to
maintain constant front-spark-plug-busning temperature. Engine speed, 2000 rpm;
inlet-air pressure, 38 inches mercury absolute; inletZair temperature, 150° F.
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Figure 10. - Continued.

Effect of inlet-air pressure on performance of cylinder
equipped with thermostatically operated valve B for supplying internal coolant to
maintain constant front-spark-plug-bushing temperature.
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II

Engine speed, 2000 rpm;

F.




MACA MR No. EB5GI6

NATTONAL ADVISORY 440 RAAA MALSS AALL AL AR RLAAS ALASI RALLL AARM AL LALAI MDY LALE:
COMMITTEE FOR AERONAUTICS ]
Lgo k .
E | 3
'gg‘ 2 " 4 —B: .
) 3 170 3
O 5 E e 3
I e :
T S j/ I N — E
£ 6,400 - .
w B 3
3 ; 3
gu e 3
& \
360: .
3 3
= 3
4so F .
3 5] E
b BUOE :
S . 3 | o 3
o E 3
5 5 E Yo "] / 3
3:1;00 - V4 [ 3
£ E —r L 4
@ © - -
S a < 3
§ 3
) E 3
360 < Internal coolant 3
3 © None 3
- O Water .
E <& Fuel E
'3&320: 3
%0 E :
i, E E
] E 3
fagzso: < =il 4 ]
Fey
o'w® 3 i S oy 3
O oo :
5% 3 %’f/‘ 1¥5-9p 3
'U*’auo UL« FRUTE FYVTE BFYUTI FETTYE FUUT FUTTY FYTTS FPUTY FVUVS FETT FTTT YTV PO Tt YT PO STRTI SYTCI NPT FUTTY FY YT llll:
= 28 32 36 4o by 4g 52
Inlet-air pressure, in. Hg abs.

Figure 10. - Concluded. Effect of inlet-air pressure on performance of cylinder II
equipped with thermostatically operated valve B for supplying internal coolant to

maintain constant front-spark-plug-bushing temperature.

basic fuel-air ratio, 0.083; inlet-air temperature,

150 F.

Engine speed, 2000 rpm;
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